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Abstract:
Micro turbulent modes have important and non-trivial effects on transport in tokamaks.
This paper deals with transport of main ions and impurities in ion and electron scale turbu-
lence, driven by ion and electron temperature gradients, and trapped electrons. Using the
gyrokinetic Vlasov code GENE, results are obtained from both nonlinear and quasi-linear
simulations. The transport properties are quantified by calculating the gradient of zero
particle flux for steady state in source free regions of the plasma. The results are com-
pared and contrasted with results obtained using a computationally efficient fluid model.
Of particular interest are conditions of steep gradients, relevant to e.g. transport barrier
conditions. Further, results from a simple sˆ–α geometry are compared with results obtained
using a JET-like magnetic equilibrium, and the effects on transport investigated.
1 Introduction
In the present work the turbulent transport of main ions and impurities in tokamaks
driven by ion scale ion temperature gradient (ITG) and trapped TE (TE) modes, and
electron scale electron temperature gradient (ETG) modes was studied. Nonlinear (NL)
and quasi-linear (QL) gyrokinetic simulation results obtained with the code GENE [1]1
were compared with results from a computationally efficient fluid model [2]. In particular,
the transport of particles in regions of steep density gradients, relevant to the pedestal
region of H-mode plasmas, has been investigated.
The main focus of the work has been to obtain steady state particle profiles locally,
determined from the balance between diffusive and advective fluxes in source-free regions.
The sign of the advective particle velocity (pinch) and the particle density peaking, mea-
sured by the density gradient (R/Ln) for zero particle flux, was calculated. For ITG/TE
mode turbulence, scalings were obtained for the particle peaking with the driving density
and temperature gradients and the impurity charge number. For ETG mode turbulence,
1See http://gene.rzg.mpg.de/ for details on the GENE code
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TABLE I: Parameters for gyrokinetic simulations; † denotes scan parameters
ITG: TE: ITG/JET-like: ETG:
Ti/Te: 1.0 1.0 1.02 1.0
sˆ: 0.8 0.8 0.75 1.0
q: 1.4 1.4 2.20 3.0
 = r/R: 0.14 0.14 0.17 0.3
kθρs:
† 0.2 0.2 0.2–0.6 6.4, 12.8
ne, ni + Z nZ : 1.0 1.0 1.0 1.0
nZ (trace): 10
−6 10−6 10−6 -
Z:† 2, 28 2, 28 2–74 -
R/Lni,e :
† 1.0–5.0 1.0–5.0 2.7 20.0–45.0
R/LTi , R/LTZ :
† 7.0 3.0 5.6 2R/Lni,e
R/LTe :
† 3.0 7.0 5.6 1.5R/Lni,e
the main ion density gradient corresponding to zero particle flux, relevant to the formation
and sustaining of the steep edge pedestal, was estimated.
Results for the impurity and background density peaking were obtained for ITG,
TE and ETG mode dominated turbulence for the parameters shown in Table I. The
main results were obtained for a circular sˆ–α tokamak equilibrium in the low β (β ∼
10−4) regime, neglecting effects of plasma rotation. Effects of using a realistic tokamak
equilibrium on the impurity peaking factors were also investigated.
2 Zero flux gradients
The particle transport for species j is derived from
Γj = 〈δnj~v ~E× ~B〉 = −Dj∇nj + njVj (1)
where Γj is the particle flux and nj the density of the species, and 〈·〉 means a spatial
averaging [3, 4]. On the right hand side of Eq. (1), the transport has been divided into
a diffusive and an advective part. For the domain studied ∇nj and ∇Tj are constant
(−∇nj/nj = 1/Lnj and −∇Tj/Tj = 1/LTj). The flux can therefore be written
RΓj
nj
= Dj
R
Lnj
+RVj, (2)
with R the major radius of the tokamak.
In the core region of the tokamak, advection (“pinch”) and diffusion balance to give
zero flux in steady state. The zero flux peaking factor quantifies this
0 = Dj
R
Lnj
+RVj ⇔ −RVj
Dj
∣∣∣∣
Γj=0
=
R
Lnj0
≡ PFj. (3)
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Thus PFj is interpreted as the gradient of zero particle flux. For trace impurities DZ and
VZ are independent of ∇nZ . Eq. (2) is then linear in R/LnZ , and PFZ can be found by
fitting a straight line to flux data. In general, however, Dj and Vj may depend on ∇nj,
and PFj has to be found explicitly from the zero flux condition.
2.1 Transport models
The fluid and gyrokinetic models employed have been described in detail elsewhere, see [4]
and references therein, only a brief summary is given here.
The NL and QL GENE simulations were performed in a flux tube geometry, in a low
β (β = 10−4) s–α equilibrium [1, 5–7] as well as a realistic JET-like magnetic equilibrium
obtained using the TRACER code. Effects of finite β, plasma shaping, equilibrium ~E× ~B
flow shear and collisions have been neglected. The effects of collisions are known to be
important for the turbulent fluctuation and transport levels [8], however, their effects on
the impurity peaking factor have been shown to be small [9]. For a typical NL simulation
for main ions, fully kinetic electrons, and one trace species, a resolution of nx×ny×nz =
96 × 96 × 24 grid points in real space and of nv × nµ = 48 × 12 in velocity space was
chosen. For QL GENE simulations the box size was set to nx × ny × nz = 13 × 1 × 24
and nv × nµ = 64 × 12 respectively. The impurities were included self-consistently as a
third species in the simulations, with the trace impurity particle density nZ/ne = 10
−6 in
order to ensure that they have a negligible effect on the turbulence.
For the fluid simulations, the Weiland multi-fluid model [2] was used to derive the
main ion, impurity, and trapped electron density response from the corresponding fluid
equations in the collisionless and electrostatic limit. The fluid simulations include first
order finite larmor-radius (FLR) effects for the main ions, and parallel main ion/impurity
dynamics. The free electrons are assumed to be Boltzmann distributed. The equations
are closed by the assumption of quasi-neutrality.
An eigenvalue equation for TE, ITG and ETG modes is thus obtained in the presence
of impurities. A strongly ballooning eigenfunction with k2‖ = (3q
2R2)
−1
valid for magnetic
shear s ∼ 1 is used [10]. The eigenvalue equation is then reduced to a system of algebraic
equations that is solved numerically.
3 Main results
3.1 Self-consistent treatment of main ion and impurity peaking
The peaking factors for background and impurity species were calculated self-consistently
by first calculating the background peaking factor for zero particle flux (PFe = R/Lne0)
assuming trace levels of impurities. The impurity peaking factor (PFZ = R/LnZ0) was
then calculated using this value for the background density gradient.
Results for the simultaneous peaking of impurities and background ions show that,
for the parameters studied, the background density peaking is higher than or of the
same order as that of the impurities for both ITG and TE mode driven turbulence; see
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FIG. 1: Scalings of the impurity density gradient of zero flux (PF ) with the electron
density gradient (−R∇ne/ne = R/Lne); also indicated is the main ion peaking factor
(PFe). Parameters as in Table I.
Fig. 1. The QL gyrokinetic and fluid model showed a good qualitative agreement, both
significantly below neo-classical predictions for both impurity and main ion peaking [4].
3.2 Effects of realistic geometry on impurity transport
Simulations of impurity transport using a realistic JET -like magnetic equilibrium were
compared to simulations with sˆ–α-geometry for an ITG dominated discharge. Parameters
were chosen to correspond closely to JET L-mode discharge #67730, with parameters as
in Table I and elongation κ = 1.37 at r/a = 0.5. The magnetic equilibrium was obtained
using the TRACER code.
With the realistic geometry the growthrate spectrum is destabilised and shifted to-
wards higher kθρs. This is due to a modification of curvature and FLR effects in non-
circular geometry, mainly due to elongation, and is consistent with the fluid results in [11].
Weaker scalings of PFZ with Z were consistently observed, and the level at which
PFZ saturates for high Z was reduced in the realistic case; see Fig. 2b. The lower levels
can be attributed to a reduction of the curvature pinch due the changed geometry. A
large increase in PFZ was observed for the He impurity in the realistic case. This is due
to a change in sign of the (outward) thermopinch for low Z in the realistic case.
When comparing QL and NL results, the former show a more dramatic scaling than
latter and the QL results tend to over-estimate PFZ for high Z, as can be seen in Fig. 2a.
NL and QL impurity pinch qualitatively agree with the results in [4, 12].
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FIG. 2: Scalings of impurity peaking factor (PF ) with impurity charge (Z) for ITG
dominated case with JET-like parameters; see Table I. The simple sˆ–α geometry was
compared with a magnetic equilibrium obtained using the TRACER code.
3.3 ETG mode driven pinch under barrier like conditions
The ETG mode is driven by the electron temperature gradient and field curvature. It
is analogous to the ITG mode, with the ion parameters replaced with their electron
counterparts. The growthrate spectrum for the ETG mode has its maximum for kθρe ≈
0.3, with ρe ≈
√
mi/me ρs. Using a reduced mass ratio of mi/me = 400, this corresponds
to kθρs ≈ 6.0.
For ETG modes the focus is on the density gradient leading to zero main ion particle
flux, related to the formation and sustaining of the edge pedestal. The parameters are
chosen to correspond to barrier like parameters for ASDEX Upgrade [13], with
R/Ln =
1
2
R/LTe =
2
3
R/LTi ∈ [20.0, 45.0]; (4)
see Table I for details on the parameters used.
Zero particle flux for the background was observed at very steep gradients for kθρs
consistent with ETG mode turbulence; see Fig. 3. As can be seen in figure Fig. 3b, ωr < 0
at the crossing points, which is consistent with electron modes.
For fluctuation level estimates for the ETG mode, see TH/P7–04 by Anderson et al.
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FIG. 3: Scalings of electron particle flux and eigenvalues with the driving background
gradients in the ETG mode driven, barrier like case. Parameters as in Table I.
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